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Abstract
Non-orthogonal multiple access (NOMA) techniques have been recently proposed for the small-cell networks
in 5G to improve access efficiency by allowing many users to share the same spectrum in a non-orthogonal way.
Due to the strong co-channel interference among mobile users introduced by NOMA, it poses significant challenges
for system design and resource management. This article reviews resource management issues in NOMA systems.
The main taxonomy of NOMA is presented by focusing on the following categories of resources reuse: power-
domain and code-domain NOMA. Then a novel radio resource management framework is presented based on
game-theoretic models for uplink and downlink transmissions. Finally, potential applications and open research
directions in the area of resource management for NOMA are provided.
1I. INTRODUCTION
In existing wireless systems, such as fourth-generation (4G) long term evolution (LTE), orthogonal
frequency division multiplexing access (OFDMA) has been widely utilized to schedule different users’
transmissions in orthogonal temporal and frequency domains [1]. Due to an explosively increasing demand
for wireless traffic, future fifth generation (5G) wireless systems will face greater challenges and demand
a much higher spectral efficiency, massive connectivity, and low latency. However, in conventional orthog-
onal multiple access (OMA) systems, mobile devices share resources in an orthogonal manner, and these
OMA schemes will suffer from serious congestion problems when there are a large number of access
devices due to the limited transmission bandwidth. Thus, much more spectrally efficient radio access
technologies are required for future mobile communication systems.
To tackle these demands for massive connectivity and broadband services, non-orthogonal multiple
access (NOMA) techniques have recently been introduced at the small-cell networks, which allow users
to access the channel non-orthogonally by either power-domain multiplexing [2], [3] or code-domain
multiplexing [4], [5]. Unlike conventional OMA systems in which one subcarrier is assigned to only one
user, NOMA allows multiple number of users to share the same subcarriers, which introduces co-user
interference. To cope with this problem, multi-user detection (MUD) techniques to reduce the co-channel
interference, such as successive interference cancelation (SIC), need to be applied at the receiver side to
decode the received signals at the cost of increased computational complexity.
The superior spectral efficiency of NOMA lies in the fact that NOMA exploits a smart reuse of the
network resources, by multiplexing multiple users’ messages in the same sub-channel at the transmitter,
and constructing effective signal detection algorithms at the receivers. As such, NOMA requires a new
design of physical-layer transmission, MAC and network resource allocation algorithms. This promising
opportunity has been clearly demonstrated by recent research developments in this area. For example,
in [6], the authors discussed how to realize user fairness in uplink wireless networks. A low-complexity
power control based on a tree search algorithm with a successive interference cancellation (SIC) receiver
was discussed in [7]. Though there are some initial studies on resource management in NOMA systems
[6] [7], they have mainly focused on power allocation for power-domain NOMA, whereas other types of
network resources in both frequency and code dimensions can be further explored in NOMA networks to
2increase the access network capacity.
In this article, we will discuss various technical issues in the NOMA access protocol design and resource
allocation algorithms. In particular, we mainly discuss the following two categories of NOMA:
• Power-domain (PD) NOMA: PD-NOMA multiplex multiple users in the same subcarrier simultane-
ously with different power level at the transmitter, and SIC can be applied at the receiver side to
decode the received signals [2].
• Code-domain (CD) NOMA: CD-NOMA uses sparse (or low-correlation) spreading sequences to
spread data of each user over multiple subcarriers to realize overloading [4]. It can be also transformed
to codebook based schemes, in which the codewords can be generated by those spreading sequences
known by both the transmitter and receivers [5] .
Obviously, in different NOMA protocols, the network resources such as power, frequency, and time, need
to be optimized by exploring proper optimization algorithms. In this article, we present system design and
resource allocation issues for both PD and CD NOMA protocols, and discuss recent promising research
developments in this rapidly growing research area.
The rest of this article is organized as follows: Section II presents various transceiver design issues
in NOMA. The radio resource allocation problems for PD- and CD-NOMA are presented in Section III
and IV, respectively. In Section V, we draw some conclusions, and also discuss potential applications and
research directions in NOMA communications.
II. NOMA TRANSCEIVER DESIGN IN POWER AND CODE DOMAINS
NOMA increases the access spectral efficiency of uplink and downlink transmission in wireless networks
by exploiting the new multiplexing protocols in various domains such as power and frequency. As a new
multiple access protocol beyond the conventional OMA mechanism, NOMA requires a new design of
access protocols, transceiver optimization and resource allocation. In this section, we will discuss the
design issues for PD-NOMA and CD-NOMA, respectively.
A. Transceiver Design for Power-domain NOMA
In a PD-NOMA cellular system with one base station (BS) and a set of users, multiple users are
multiplexed at the same subcarrier at the same time. Specifically, in the downlink transmission, the BS
3broadcasts a superposition of multiple users’ signals by properly choosing the transmit power coefficients
for these users’ signals subject to a total power constraint. In general, lower power levels will be allocated
to the users with better channel gains while larger power assignment levels will be allocated to the users
with worse channel gains. Since a subcarrier can be occupied by multiple number of users, the signal of
one user will cause interference to the others. In order for a user to recover its signal from the superimposed
signals, SIC is applied to the received signals. For SIC, the signals of users with channel gains lower than
that of the desired user will be recovered sequentially in the order of the channel gains, and that user
treats the signals of users with channel gains higher than its channel gain as noise. In the uplink multiple
access channels, multiple mobile users transmit their own signals to the BS. The multiple users’ signals
are then recovered at the BS by using SIC. The sum-rate performance of NOMA depends on the power
control policy used at the users. Based on the feedback from the BS, iterative distributed power control
at the user side needs to be performed subject to individual power constraints.
From an information theoretic perspective, PD-NOMA with a SIC receiver can approach the multiuser
capacity region in the downlink broadcast channels. This becomes a particularly important application
for cellular systems where the channel quality vary significantly between users in the cell center and
those at the cell edge due to the near-far effect. Different from conventional power adjustment strategies,
such as water filling for MIMO, in NOMA, users with worse channel gains obtain more transmit power.
Specifically, the signals to a user with the poor channel conditions are allocated with more transmit power,
which ensures that that user can detect its message directly by treating other users’ signals as noise. On
the other hand, a user with a stronger channel condition needs to first decode information of other users
with weaker channels and then subtract them from the received signals before decoding its own message,
using SIC.
B. Transceiver Design for Code-domain NOMA
CD-NOMA can be treated as an open-loop scheme to accommodate multiple users over shared time
and frequency resources, which spreads data streams of each user over multiple subcarrier by sparse or
low-correlation spreading sequences. Thus, spreading signals over OFDM tones can greatly improve the
quality of transmission procedure due to the interference averaging and whitening as well as additional
4frequency diversity. At the receiver, multi-user detection algorithms such as the near-optimal message
passing algorithm (MPA) can be adopted to recover the original signals. To facilitate the control, predefined
codebook methods can be applied [5], in which the codewords are generated through spreading symbols
with different power levels such as QAM or specifically designed constellation using low-density spreading
sequences with a few nonzero elements within a large signature length. Selected from the codebook sets,
the incoming bits can be then directly mapped to multi-dimensional complex codewords. Note that in the
downlink scenario, the codeword selection and power level adjustment can be performed in a centralized
way.
For uplink CD-NOMA, contention based transmission schemes can be considered to decrease the
latency and signaling overhead. The mobile users send data in such a way that they can contend for
multiple physical resources such as time and frequency without relying on the centralized request and
grant procedure. Specifically, the assigned time and frequency resources are shared by a number of users
that can use a specific set of resources in contention transmission. When a user has data to send, it attempts
to deliver the packet through the radio resource reserved for contention transmission. This is particularly
important for mission critical applications with ultra-low latency requirements. Similar to CDMA, CD-
NOMA can be considered as a type of repetition coding in which transmitted symbols are modulated by
spreading sequences. However, unlike conventional CDMA systems, CD-NOMA transmits signals in the
form of OFDM symbols across the subcarrier by discrete Fourier transformation in order to be compatible
with current LTE systems, and thus, power allocation or control at the subcarrier level is still required.
III. GAME-THEORETIC RESOURCE ALLOCATION MODELS FOR POWER-DOMAIN NOMA
This section discusses game-theoretic models used to solve resource allocation problems in uplink and
downlink PD-NOMA systems.
A. Noncooperative Power Control Game for Uplink PD-NOMA
Power control techniques have been widely used in multi-user mobile communication systems to
minimize the multi-user interference and optimize the link data rate. Power control is particularly important
for uplink PD-NOMA, because the transmit power of the mobile users needs to be properly adjusted in
order to optimize the interference among co-channel users. Since users are distributed in the network
5and coordinated power control will entail too much overhead, interactions and power control among the
PD-NOMA users sharing the same channels can be modeled as a noncooperative game implemented in
a distributed way. Specifically, the players in the game are the mobile users, the action is to control the
transmit power in each channel subject to the power constraint, and the payoff function is defined as the
rate minus the cost of the power used by the mobile user transmission. Thus, a distributed power control
algorithm can be designed by iteratively updating the transmit power of each user given the individual
power constraint. The major difference compared to traditional distributed power control lies in that each
user may occupy a different number of subcarrier and may not align with each other in the frequency
domain, such that one user may collide partially in the frequency band with others and result in different
levels of interference in each subcarrier. Hence, from the per subcarrier point of view, the above power
control game can be applied, but we still need to consider the total power allocation over all the occupied
subcarriers.
B. Coalition Formation Game Model for Downlink PD-NOMA
1) Coalition Game Basics: In a coalitional game, a set of players that form cooperative groups are
called coalitions [11]. The reason for these users to join in the same coalition is that these users can
gain higher payoffs, and typically the sum of the these payoffs can be defined as the coalitional value.
Coalition formation games can be classified into two kinds: the strategic form and partition form games.
In the strategic form, the coalition value only relies on the payoffs of the members in the same coalition,
while in the partition form, the value of a coalition becomes quite involved and depends on the actions
of the players outside the coalition. Coalitional games have attracted a lot of attention in the research
community in wireless communications, since they are the ideal tools to realize user clustering in a large
scale wireless network.
2) Coalition Game for Downlink PD-NOMA User Grouping: In this section, we discuss how the
coalition game can be used to solve the downlink PD-NOMA user grouping. Consider a downlink NOMA
network with only one cell and a number of mobile users, given in Fig. 1, in which the BS transmits the
signals to serve the mobile users denoted by N = {1, · · · , N}. The BS divides the available bandwidth
into a set of subcarriers, denoted by K = {1, · · · , K}, where N is much larger than K. Notice that
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Fig. 1. System model of a PD-NOMA network.
other types of network resources, such as multiple antennas, time slots and spreading codes, can be also
directly applied to avoid inter-group interference. When the BS has the full knowledge of the channel
side information (CSI), the BS assigns a subset of non-overlapping subcarriers to the users, and allocates
different levels of power to the users subject to the total power constraint. According to the before
mentioned PD-NOMA protocol, one subcarrier can be scheduled with multiple users, and meanwhile,
one user can obtain the same transmitted signals from the BS through multiple subcarriers. This can be
formulated as a coalition game.
The design of game theoretic approaches for the aforementioned scenario is challenging since downlink
PD-NOMA user grouping is likely to be in a partition form for which many well-known approaches,
such as merge-and-split algorithms, cannot be applied. For example, consider a scenario which has |K|
coalitions, denoted by Sk, k ∈ {1, · · · , |K|}, where there is only one user in S1. In the case that the user
in S1 decides to join in coalition S2, only (|K| − 1) subcarriers are needed, instead of |K|. Note that in
the considered NOMA system, user i in coalition k has a rate of 1
N
log(1 + SINRi,k), where N denotes
the total number of the used subcarriers, and SINRi,k denotes the signal-to-interference-plus-noise ratio
(SINR) of this user. Therefore, the action that the user in S1 moves to S2 has an impact on the rates not
7only for the users in S1 and S2, but also for those in other coalitions, which means that the modelled
game is in a partition form.
A promising solution for the aforementioned challenge is to use the fact that users in many communi-
cation scenarios, such as 5G systems and the Internet of Things (IoT), have dynamic quality of service
(QoS) requirements. In particular, consider a scenario in which there are two categories of users. The
first category of users need to be served for small packet transmission in a quick manner. Examples for
such users can be health-care sensors which need to be connected for safety-critical applications, and
connections with low data rates are sufficient to them. The second category of users can be broadband
users who are performing background tasks, such as web browsing and movie downloading. The use of
OMA results in the situation that the sensors get more bandwidth resources than what they need, and the
broadband users do not have sufficient bandwidth. To this scenario, game theoretic approaches based on
the strategic form can be applied ideally as explained in the following. The sensors will be individually
allocated to orthogonal bandwidth resources, such as subcarriers and time slots, whereas the broadband
users join in these groups occupied by the sensors in a distributed manner. Since the number of the groups
is determined by the number of the sensors, an action for one user jumping from group Si to group Sj
will have no impact on the users in group Sk, k 6= i and k 6= j. Therefore, the proposed game is in the
strategic form, for which those well-known approaches, including merge-and-split algorithms or hedonic
games, can be applied. Note that this simplified game model will also enable the joint design of user
grouping and resource allocation illustrated in Fig. 1, where resource allocation for different categories
of users can be decoupled.
IV. GAME MODELS FOR RESOURCE ALLOCATION IN CODE-DOMAIN NOMA
This section mainly discusses game-theoretic models to solve the resource allocation problems for
CD-NOMA networks in the uplink and downlink scenarios.
A. Uplink Noncooperative Contention Control Game
In uplink CD-NOMA, mobile users can contend for one or more resources, which may pose great
challenges for stringent latency requirements. In the conventional contention algorithm, when users want
to transmit, they first go through the request and grant procedure in order to avoid the collisions. When
8two or more users try to transmit at the same time on the same channel, they are treated as non-orthogonal
collision and the transmissions are considered unsuccessful. Specifically, if the spectrum is detected idle,
the user will not access the and transmits immediately in that spectrum. The user, instead, will randomly
choose a time slot from the set of contention free periods, and then, wait till the selected time slot is
available for transmission. As the spectrum is shared among multiple mobile users, the collision will
unavoidably occur if more than one users get access to the spectrum simultaneously. It is therefore
convenient to formulate the radio resource allocation in a distributed way without the centralized control
at the BS, while achieving the required performance in the network level.
To reduce congestion, decrease collisions, and guarantee fairness, as introduced earlier, an efficient
distributed medium access protocol is necessary to share the radio resources efficiently. To this end,
game theory is a proper tool used to design the distributed protocols for CD-NOMA networks. The
contention based MAC can be formulated by a random access game, in which the multiple mobile users
want to maximize their utilities individually by sharing a common channel. A selfish user typically waits
for a smaller backoff interval to increase its opportunities of accessing the medium, which hence may
reduce the channel access chance of those well behaved users. The difference with traditional carrier
sense multiple access protocols is to also consider the selection of the proper frequency segment and the
spreading sequence for users to get access, which can improve the connectivity possibility. The resource
allocation problems in this scheme are related with contention window length adjustment, power control,
and subcarrier allocation, etc.
B. Downlink Matching Game model
1) Matching Theory Basics: In economics, matching theory is a mathematical tool to describe the
formation of mutually beneficial relationships over time [13], which has been especially influential in labor
economics used to describe the formation of new jobs and other human relationships such as marriages.
Beyond its wide use in economics, matching theory has also been recently applied for analyzing wireless
markets and studying the interaction of competitive agents in a network, such that the agents belong to
two disjoint sets. It discusses the general cases that multiple agents on one side of the game are rivals to
match with multiple agents on the other side.
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Fig. 2. System model of a CD-NOMA network.
The matching problems can be in general defined below:
1) Bipartite matching with two-sided preferences: in this class, all the agents are split into two disjoint
sets, in which the members rank a subset of the members of the other based on preference.
2) Bipartite matching with one-sided preferences: here, the participating agents are partitioned into two
disjoint sets, in which only one set of the agents have preference over the other in a one directional
manner.
3) Non-bipartite matching with preferences: all the agents form one single homogeneous set, in which
each agent sets ranking to a subset of the others according to preferences.
In addition to the way of classification above, the matchings can be also classified by the number of
agents in each side, i.e. one-to-one matching, one-to-many matching, and many-to-many matching, etc.
2) Matching Theory for User and Subcarrier Pairing: Consider a downlink single-cell CD-NOMA
networkgiven in Fig. 2. A set of mobile users, denoted by N = {1, · · · , N}, communicate with a single
BS, which divides the available bandwidth into a set of subcarriers, denoted by KSC = {1, · · · , K}.
There are J codebooks assigned by the BS, and each user is characterized by a codebook that has M
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sparse codewords with length K. At the transmitter, bit streams with length of log2M of each user
are directly mapped into sparse codewords of the corresponding codebook, whose codewords can be
generated by a multi-dimensional constellation. After mapping the data stream of each user to a sparse
codeword, different CD-NOMA codewords are multiplexed over K shared subcarriers for transmission.
The objective of system design can be formulated to maximize the total sum-rate of the system through
optimally allocating subcarrier to the users. This optimization problem can be treated as a many-to-many
two-sided matching problem, and can be solved by utilizing the algorithms in matching theory [8].
To further illustrate the dynamic interactions among the users over shared subcarriers, i.e., how a
specific codebook is designed for each user, in the formulated matching game, the set of users and the set
of subcarrier can be considered as two disjoint sets of selfish and rational agents to maximize their own
benefits, i.e. sum-rate. If subcarrier SCk is assigned to user Nj , then we say Nj and SCk are matched
with each other and form a matching pair. The proposed algorithm can be described in three steps. First,
the matching lists of each player are produced to record the preference. Step 2 implements the traditional
deferred acceptance algorithm, in which each user proposes to its most preferred subcarrier which have
not rejected it yet, and each subcarrier keeps its favorite offers and reject the others. The whole process
stops when no user is willing to make new offers. Then we obtain an initial matching as input of Step 3.
In Step 3, each matched user searches for another one to form a swap-blocking pair, and then exchange
their matches and update the current matching. The process will continue iteratively until not any user
can find new swap-blocking pairs. Finally, the final matching is determined [8].
Fig. 3 shows the number of scheduled users vs. the number of users with K = 8 within one time slot,
where df represents the number of overloading users. It shows that the number of scheduled users grows
with the number of users and is much larger than the number of subcarriers. In the OFDM scheme, at
most K users have access to the subcarriers, since one subcarrier can only be assigned to one user. When
the overloading factor grows from 1 to 1.67, the number of scheduled users increases since more users
can share the same subcarrier.
Table I summarizes the game-theoretic models used for radio resource allocation of various NOMA
schemes. Typically, non-cooperative game approaches such as power control result in suboptimal solutions
but require smaller information exchange compared with many other cooperative game methods in terms
11
10 20 30 40 50 60 70 80 90 100
0
5
10
15
20
25
30
35
40
Number of users
N
um
be
r o
f s
ch
ed
ul
ed
 u
se
rs
 
 
CD−NOMA (df = 5)
CD−NOMA (df = 4)
CD−NOMA (df = 3)
OFDM
Fig. 3. Number of scheduled users v.s. number of the users K = 8.
of computational complexity.
TABLE I
SUMMARY OF RESOURCE ALLOCATION GAME MODELS FOR NOMA SYSTEMS
Applications Downlink Game Models Uplink Game Models
PD-NOMA
Coalition formation game: mobile users are cate-
gorized according to their QoS requirements, and
distributed coalition formation algorithms based on
the strategic form can then be applied.
Noncooperative power control game: the players
are the mobiles, and a utility function is the nega-
tive of the individual transmit power of the mobile
user transmission
CD-NOMA
Matching game: the set of users and subcarrier
can be considered as two disjoint sets of selfish
and rational agents that aim to maximize their own
benefits
Noncooperative contention control game: mobile
users as players, pricing used to introduce coop-
eration, and contention window length adjustment
for mobile users by iteratively updating algorithm
V. CONCLUSIONS AND FUTURE DIRECTIONS
In this article, we have discussed the design and resource allocation for NOMA systems to improve
network access efficiency. We have focused on PD-NOMA and CD-NOMA, two dominant NOMA
schemes. For PD-NOMA, coalitional game modes can be used in the downlink and non-cooperative
power control games can be applied to the uplink to realize user and subcarrier grouping. While for
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CD-NOMA, matching games can be adopted in the downlink to pair the users, and contention control
games provide an efficient tool to solve the uplink collision problems.
As an emerging technology, there are many open research problems in this field.
• Hybrid NOMA: NOMA encourages multiple users to share the same channels at the same time based
on their channel conditions. Thus, in the case in which users’s channel conditions are similar, the
performance gain of NOMA over OMA might be diminishing. Note also that the implementation
of NOMA causes more complexity in comparison with OMA. This motivates the design of hybrid
NOMA where different MA modes are used depending on the channel conditions. This process can be
well modeled by evolutionary games: each mobile user is a player, and the strategies associated with
each player are the algorithm which decides the proper mode the node should switch. A player may
decide to switch to a different strategy/operation mode if it can obtain a higher payoff. The change
of strategy according to the payoff can be well modeled as the evolution process. The solution of
the game is the evolutionary equilibrium, where, at the equilibrium, the players have no incentive to
choose different strategies.
• MIMO NOMA: The basic idea of NOMA can be easily extended to the case in which all nodes
are equipped with multiple antennas, which results in MIMO PD/CD-NOMA [10]. For downlink
transmissions, the BS can use its multiple antennas either for beamforming to increase the receive
SINR or for spatial multiplexing to increase the throughput. While in the uplink, the objective of
the NOMA design is to increase the spatial multiplexing gain using multiple antennas. In this case,
the cross-layer optimization problem of MIMO applications becomes more complicated. Hence, how
to effectively coordinate the use of resources at the space, time, frequency, and power domain is a
challenging issue. Multi-level game models can be used to realize the joint resource allocation in
different domains. For instance, a noncooperative game model can be applied for power allocation,
while in the frequency domain, an auction game can be used to assign frequency resources.
• Cooperative NOMA: relaying has been already deployed in many communications systems, such as
LTE networks, where multiple source nodes communicate with a destination with the help of one or
multiple relays. By implementing NOMA at the relay, the relay can first receive and then forward
superimposed signals simultaneously, which improves spectral efficiency [9]. The communication
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process can be briefly described as follows: (1) the sources first transmit signals to both the NOMA
relay and the destination at a given subcarrier, and (2) the NOMA relay then forwards the received
signals to the destination with a proper transmit power at a given subcarrier. Hence, the resource
allocation problems lie in a joint design for source-and-destination node grouping, subcarrier and
power allocation, which can be modeled and solved by using the efficient auction games, where the
relay is the auctioneer which provides power and spectrum resources, and the source nodes can be
formulated as the bidders that have communication demands. The problem of power allocation for
the relays to serve the sources can be also solved by using stakelberg game with one leader and
multiple followers.
• Cognitive NOMA: NOMA systems can be treated as a special case of cognitive radio networks,
where users with poor channel conditions can be treated as primary users. In order to suppress the
interference temperature experienced at the primary users, sophisticated resource allocation algorithms
can be designed by applying stakelberg game, where NOMA users can be categorized as either
leaders or followers, according to their channel conditions or their QoS requirements. On the other
hand, the concept of NOMA can be also used to improve the spectral efficiency of cognitive radio
networks. For example, a reward policy regarding proper payment transfer should be applied to
motivate collaboration among primary and secondary users, which yields an ideal application for a
contract game.
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